Background--Cardiovascular risk factors can track from mother to child by several pathways: pregnancy complications, genetic inheritance, and shared environmental risk factors after pregnancy. The degree of tracking, and to which extent this is influenced by these pathways, is unknown. We hypothesized that cardiovascular risk factors track from mother to child regardless of pregnancy complications and environmental risk factors. We determined the degree of tracking between maternal and offspring micro-and macrovascular cardiovascular risk factors after pregnancy and the extent to which this is influenced by pregnancy complications and shared environmental risk factors.
C ardiovascular disease is the leading cause of morbidity and mortality worldwide. 1 Prevalence of cardiovascular risk factors (eg obesity, hypertension, and an atherogenic lipid profile) is not only rising among adults, but also among children. Cardiovascular risk factors are most likely transmitted from parents to their offspring, which can be explained through 3 potential mechanisms: pregnancy complications, genetic inheritance, and shared environmental risk factors after pregnancy. The degree to which cardiovascular risk factors track from mother to child, and the extent to which this is influenced by pregnancy complications and shared environmental risk factors after pregnancy, is still unknown. Unraveling these mechanisms may assist us in identifying at an early stage children at risk for cardiovascular disease later in life.
The first mechanism involves pregnancy complications, such as preeclampsia, which require adaptation in order for the fetus to survive to a stressful environment. This process can affect perinatal health given that it is associated with a low birth weight and preterm birth, which themselves are risk factors for the development of cardiovascular risk factors during adolescence such as obesity and hypertension. 2 Second, environmental exposures (eg diet, exposure to smoking, and physical activity) may be involved. These are often similar between parents and their offspring until they enter adulthood. Previous studies show that parents' diet and energy intake, smoking behavior, and physical activity levels are positively associated with those of their offspring. [3] [4] [5] [6] [7] Third, heritability studies have identified genetic factors as a determinant for certain cardiovascular risk factors such as body mass index (BMI) level. 8, 9 Obtaining better insight in the degree of tracking and the most important mechanisms involved will help to predict and reduce future cardiovascular disease in offspring. In this study, we hypothesized that cardiovascular risk factors track from mother to child regardless of pregnancy complications and environmental risk factors. We determined the degree of tracking between maternal and offspring microvascular (central retinal and arteriolar calibers) and macrovascular (blood pressure, left atrial diameter, aortic root diameter, left ventricular mass, fractional shortening, and pulse wave velocity [PWV]) cardiovascular risk factors after pregnancy and the extent to which this is influenced by pregnancy complications and shared environmental risk factors.
Materials and Methods
Data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Design and Study Population
This study was embedded in The Generation R Study, a multiethnic, population-based, prospective cohort study from early pregnancy onward in Rotterdam, The Netherlands. 10, 11 Mothers(N=8976)enrolledduringpregnancybetweenApril2002 and January 2006. Response rate at baseline was 61% and 85% 6 years after pregnancy. The study has been approved by the Medical Ethics Committee of Erasmus Medical Center, Rotterdam, The Netherlands (MEC 198.782/2001/31), and the procedures followed were in accord with institutional guidelines. 12 Written informed consent was obtained from all participants. For the present study, we included mother-offspring pairs withatleast1 measurement ofinterestavailable6 or9 years after pregnancy (N=5624; Figure) . Figure S1 presents an overview of our exposures, outcomes, and covariates.
Pregnancy Complications
Presence of a pregnancy complication (preeclampsia, a small for gestational age child, or spontaneous preterm birth) was determined from the original hospital charts. Preeclampsia was defined as a systolic blood pressure [SBP] ≥140 mm Hg or a diastolic blood pressure [DBP] ≥90 mm Hg after 20 weeks of gestation in previously normotensive women with concurrent new-onset proteinuria in a random urine sample and no evidence of a urinary tract infection. 13, 14 Small for gestational age was defined as a birth weight <10th percentile (based on our own cohort) and spontaneous preterm birth as the spontaneous onset of labor before 37 weeks of gestation. 15 
Environmental Exposures and Covariates
At study enrollment, maternal height (cm) and weight (kg) without shoes were measured, after which BMI (kg/m 2 ) was calculated. Identical measurements were obtained during follow-up 6 and 9 years after pregnancy for both mother and child. Pre-pregnancy BMI was established at enrollment through a questionnaire. Pre-pregnancy BMI was strongly correlated with BMI measured in early pregnancy (Pearson's correlation coefficient, r=0.95; P<0.001).
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Questionnaires were repeatedly applied during pregnancy to obtain information on maternal age, pre-pregnancy weight, gravidity, ethnicity, educational level, smoking, and folic acid intake. Information on gestational age at birth, birth weight, and child's sex was obtained from medical records. 15, 17 Six years after index pregnancy, we obtained information on gravidity at follow-up and smoking through questionnaires.
Cardiovascular Measurements 6 Years After Pregnancy
Central retinal arteriolar and venular calibers were assessed in mothers and offspring by taking digital retinal photographs
Clinical Perspective
What Is New?
• Cardiovascular risk factors can track from mother to child by several pathways: intrauterine programming, genetic inheritance, and shared environmental risk factors after pregnancy.
• The degree of tracking, and to which extent this is influenced by these pathways, is unknown.
• Our results are novel given that tracking of the microvasculature, left atrial diameter, aortic root diameter, and fractional shortening from mother to offspring have not been studied previously.
What Are the Clinical Implications?
• This study shows that cardiovascular risk factors (microand macrovascular) track from mother to child, regardless of the course of pregnancy.
• Therefore, healthcare providers should not only focus on cardiovascular risk prevention in children born from complicated pregnancies, but also in those children whose mothers have a suboptimal cardiovascular risk profile 6 and 9 years after pregnancy.
6 years after index pregnancy. Details of this procedure are described previously. [18] [19] [20] Research assistants in nonmedical clothing (ie, no white coat) measured blood pressure during study enrollment (median, 13.2 weeks of gestation; 90% range, 10.6, 17.0) and 6 years after pregnancy (90% range, 5.7-7.4) with the validated Omron 907 automated digital oscillometric sphygmomanometer (OMRON Healthcare Europe B.V., Hoofddorp, The Netherlands). 21 Blood pressure was measured in the right upper arm and in a standardized supine position to prevent differences attributed to position. The mean value of 2 systolic and diastolic blood pressure readings (SBP and DBP) was documented for each participant. Carotid-femoral pulse wave velocity (PWV) was measured with an automatic noninvasive, validated device (Complior; Artech Medical, Pantin, France) to assess arterial wall stiffness. The device measures the distance between recording sites at the carotid (proximal) and femoral (distal) artery. Echocardiographic measurements were performed in 2-dimensional M-mode using the ATL-Philips Model HDI 5000 (ATL-Philips, Seattle, WA) or the N = 8976 Women enrolled during pregnancy.
n = 5743
Population for analysis: women with singleton live born pregnancies. Outcomes available in children:
-Central retinal arteriolar and venular calibers n = 2561 -Systolic and diastolic blood pressure six years n = 4875 after pregnancy -Body mass index six years after pregnancy n = 4929 -Left atrial diameter n = 4939 -Aortic root diameter n = 4958 -Left ventricular mass n = 4739 -Fractional shortening n = 4898 -Pulse wave velocity n = 3531 -Systolic and diastolic blood pressurenine years n = 4266 after pregnancy -Body mass index nine years after pregnancy n = 4479 n = 343 Twins, abortions and fetal death.
n = 2364
Women loss to follow-up after pregnancy.
n = 526
Siblings.
Figure. Logiq E9 (GE Medical Systems, Wauwatosa, WI) devices. Fractional shortening, aortic root diameter, and left atrial diameter were measured. Left ventricular mass was calculated with the Devereux equation. 22 Intra-and interobserver intraclass correlation coefficients were described previously and demonstrated good repeatability and reproducibility. 23 
Blood Pressure 9 Years After Pregnancy
The validated automatic sphygmomanometer, Datascope Accutorr Plus (Datascope, Paramus, NJ), was used to measure blood pressure in mothers and children 9.8 years after pregnancy (90% range, 9.5, 10.3). 24 The average of the last 3 (of 4) blood pressure measurements was used for further analyses.
Statistical Analyses
Baseline characteristics are presented in Table 1 . MeanAESD is presented for data with a normal distribution and the median with 90% confidence interval for data with a skewed distribution. In the total population for analysis, 17.7% had missing information on pre-pregnancy BMI, 6.9% on education, 11.0% on smoking during pregnancy, 24.1% on folic acid intake during pregnancy, 1.0% on maternal SBP at study intake, 2.5% on child's ethnicity, 13.3% and 9.0% on child's SBP and DBP 6 years after pregnancy, and 5.4% on child's BMI after pregnancy. To reduce potential bias associated with missing data, we imputed missing values in variables of interest through multiple imputation. 25 Complete case analysis showed similar results to those presented in Tables 2 and  3 (data not shown). Multivariate linear regression analysis was used to examine the association between mother-offspring cardiovascular risk factors after pregnancy (Tables 2 and 3) while adjusting for confounders. Regression models adjusted for confounding were: basic model (including maternal age at enrollment and child's age during follow-up) and 4 confounder models (including pre-pregnancy BMI, maternal age at enrollment, maternal SBP at study enrollment, educational level mother, smoking during pregnancy, folic acid intake during pregnancy, child's sex, child's ethnicity, child's age [6 and 9 years after pregnancy], child's weight and height [6 and 9 years after pregnancy], and mean SBP and DBP 6 years after pregnancy). These confounders were selected based on their associations with exposures and outcomes of interest and based on previous studies. Effect estimates in Tables 2  and 3 are unstandardized beta-coefficients and represent an increase in the outcome measure for each unit increase in the exposure. We applied a Benjamin-Hochberg procedure controlling for false discovery rate at 0.05 level. 26 We tested whether there was effect modification in all mother-offspring associations by pregnancy complications through inclusion of the interaction term (exposure9pregnancy complication yes) in each regression model. To estimate the proportion of total variance in offspring attributable to variation in genotypes, we calculated unadjusted heritability (h 2 , expressed as percentage) through regression of offspring phenotype on the maternal phenotype. 27 Estimates are presented in the Results section. Last, we examined baseline characteristics between women included and excluded from this study (Table S1 ). Statistical analyses were performed with SPSS software (version 21.0 for Windows; SPSS, Inc, Chicago, IL).
Results
This study included 5624 mother-offspring pairs (Figur). Mothers were, on average, 30.3 (SD, 5.1) years of age at the start of pregnancy (Table 1) . They were mostly European, highly educated, and nulliparous. In total, 15.3% of pregnancies were affected by a pregnancy complication. Tables 2 and 3 show the association between motheroffspring cardiovascular risk factors 6 and 9 years after pregnancy for the total population and for mother-offspring pairs without a pregnancy complication during the index pregnancy. Maternal microvasculature (central retinal arteriolar and venular calibers), BMI, blood pressure (SBP and DBP), cardiac measurements (left atrial diameter, aortic root diameter, left ventricular mass, and fractional shortening) and PWV are all positively associated with the corresponding measurements in offspring. Results did not change after environmental factors (confounders) were taken into consideration nor after excluding mother-offspring pairs affected by a pregnancy complication (Table 3; Figure S2 ) or when we corrected for multiple testing. Also, effect modification analysis showed no significant interaction in all mother-offspring associations by pregnancy complications (data not shown).
Heritability Table S1 shows baseline characteristics of women included and excluded from this study. Excluded women were, on average, younger during study enrollment, more often non-European, lower educated, smoked more often in pregnancy, and had more often children born small for gestational age.
Discussion
This large, prospective study shows that adverse maternal cardiovascular risk factors (central retinal arteriolar and venular calibers, BMI, blood pressure, left atrial diameter, aortic root diameter, left ventricular mass, fractional shortening, and PWV) are strongly associated with corresponding adverse cardiovascular risk factors in offspring at the age of 6 years, and for BMI and blood pressure also at the age of 9 years, independent of pregnancy complications and environmental factors. This indicates that cardiovascular risk factors most likely track from mother to child by genetic and epigenetic pathways. Possibly, central retinal arteriolar and venular calibers, cardiac ultrasound measurements, and PWV also track up to 9 years after pregnancy. However, these measurements were not available 9 years after pregnancy.
The association between mother-offspring retinal arteriolar and venular calibers has not been studied previously. Our study shows that the offspring retinal microcirculation is a representation of the maternal microcirculation and possibly also of the paternal microcirculation, but we did not examine the latter. In adults, smaller retinal arteriolar calibers and larger retinal venular calibers are independent risk factors for cardiac heart disease and stroke death. 28 Several studies have examined traits between mother and offspring, such as BMI and blood pressure. [29] [30] [31] Results indicate that tracking of these cardiovascular risk factors from mother to offspring likely continues into adult life. A large, cross-sectional study in Norwegian parent-offspring pairs showed that a higher BMI in parents was associated with a higher BMI in their adult offspring (mean age, 38-41 years).
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A similar tracking pattern was also observed for blood pressure. Compared with our study, effect estimates were larger for BMI, but similar for blood pressure. A smaller study in mother-offspring pairs from Ohio also showed a positive association between mother-offspring BMI throughout childhood and adolescence. The tracking pattern was stronger from mother to daughter than from mother to son, which we did not observe in our study. 29 A similar study to ours, conducted in French school children (age, 5-13 years), also showed a stronger association between maternal-offspring BMI than paternal-offspring BMI. 32 This might be attributed to pregnancy complications, which the researchers did not correct for. Genetic and epigenetic mechanisms might also be involved in the mother-offspring associations we examined in this study; previous studies have shown a transgenerational epigenetic inheritance of cardiovascular disease. 33 Increased left atrial diameter is a risk factor for atrial fibrillation, thrombus formation, and, consequently, stroke. 34, 35 BMI and blood pressure are 2 major determinants of left atrial diameter. Adjusting for these confounders did not attenuate our results significantly, indicating that other factors might be more important, such as pregnancy complications, heritability, and epigenetics. Removing those pregnancies affected by a pregnancy complication from our analyses did not affect our results. We observed relatively small heritability (15%), which was also small in previous studies examining parents and their teenagers or adult offspring (2-7%). 36, 37 Aortic root diameter increases with age and BMI and is a risk factor for aortic root dissection. 38, 39 The association between mother-offspring aortic root diameter has not been studied previously. Therefore, we cannot compare our results with other studies. Previous population and twin studies that examined the association between parent-offspring cardiovascular risk factors have shown a strong heritability component for cardiac features, such as left ventricular mass. 40, 41 Left ventricular mass is a predictor of cardiac-and cerebrovascular-related morbidity and mortality. 42 Family-based studies showed a wide variation in left ventricular mass heritability estimates between different ethnicities: 12% to 41% for whites, 22% to 44% for blacks, 15% for Chinese, and 43% to 61% for Japanese. 43 Our heritability estimate of 12% is comparable to that found in previous studies examining whites. Besides genetic variance, variation in heritability estimates between studies might be attributed to several other factors, including differences in 
<0.001
Values are betas with corresponding 95% CI and represent the mean difference in children per unit increase in maternal parameter. Basic model: Age mother at intake and age child during follow-up. BMI indicates body mass index; CI, confidence interval; DBP, diastolic blood pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; SDS, standard deviation score. *Confounder model: in addition to the basic model: educational level mother at intake, ethnicity child, smoking during pregnancy, mean systolic blood pressure child 6 years after pregnancy, and maternal systolic blood pressure during study intake.
study design, statistical modeling, and characteristics of study participants. Left ventricular mass is strongly related to efficacy of glucose and fatty acid oxidation by the mitochondria. 44 Mitochondrial DNA is inherited through the mother, which might explain why previous studies presented stronger motheroffspring left ventricular mass associations than father-offspring associations. 45 This is the first study to examine the association between parent-offspring fractional shortening. Reduced fractional shortening is associated with left ventricular systolic dysfunction.
To our knowledge, PWV in children has been examined in 1 previous study of 291 American mother-offspring pairs (child's mean age, 12 years). 46 Results showed a higher heritability estimate for PWV compared with our study (26% versus 16%). 46 Similar to our results, findings were not affected by environmental factors such as age and BMI. All our results were not driven by children born from pregnancies affected by a pregnancy complication. Therefore, the impact of intrauterine growth and development on cardiovascular risk factors in offspring seemed small.
Strengths and Limitations
Some limitations need to be addressed. Retinal vascular imaging 6 years after pregnancy was introduced into the Generation R Study after recruitment of study subjects had already started. Therefore, retinal vascular images were not available for 52.6% of mothers and children who attended follow-up visit 6 years after pregnancy. This was independent of any subject characteristics, which makes it unlikely that selection bias occurred. Compared with women included in this study, those excluded were, on average, younger during study enrollment, more often non-European, lower educated, smoked more often in pregnancy, and had more often children born small for gestational age. This may have led to some degree of selection bias given that the included women were relatively healthy and may have led to an underestimation of our associations. Nevertheless, we still observed significant associations that support tracking from mother to child of cardiovascular traits. Data on fathers were not available. A large, population-based study, examining cardiovascular risk factors (BMI, blood pressure, lipid profile, and waist Values are betas with corresponding 95% CI and represent the mean difference in children per unit increase in maternal parameter. BMI indicates body mass index; CI, confidence interval; DBP, diastolic blood pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; SDS, standard deviation score. *Regression models were identical to those presented under Table 2 .
circumference), showed that offspring risk factors were positively associated with those in both parents. 31 This finding argues against a strong impact of pregnancy complications and is more in favor of a genetic or epigenetic predisposition of cardiovascular risk factors in offspring. Reported heritability estimates might be confounded by pregnancy complications and environmental risk factors given that we did not adjust for these factors. Strengths of this study are the large sample size, prospective data collection, and standardized procedures that were used for data collection, and this is the first study to examine the mother-offspring microvasculature. Future studies should also examine tracking of the microvasculature and cardiac ultrasound measurements from father to offspring.
Conclusion
Six and 9 years after pregnancy, an adverse cardiovascular profile in mothers is strongly associated with an adverse cardiovascular profile in their offspring. Results were not attenuated by environmental exposures or a previous pregnancy complication. This supports the hypothesis that cardiovascular risk factors (micro-and macrovascular) track from mother to child, regardless off the course of pregnancy. Besides focusing on children born from complicated pregnancies, we should also focus our efforts on children whose mothers have a worse cardiovascular risk profile.
